1 In the absence of selective antagonists, pharmacological characterization of P2Y receptor subtypes has relied heavily upon their distinct agonist pro®les. 2-methylthioADP (2-MeSADP) is a selective agonist for the P2Y 1 receptor. The agonist action of 2-MeSATP at the P2Y 1 receptor has recently been questioned. 2 The eects of both 2-MeSADP and 2-MeSATP have been studied on rat hepatocytes injected with the bioluminescent Ca 2+ indicator, aequorin. Single hepatocytes generate series of repetitive transients in cytosolic free calcium concentration ([Ca 2+ ] i ) when stimulated with agonists acting through the phosphoinositide signalling pathway. 3 The transients induced by 2-MeSADP and 2-MeSATP in the same cell were indistinguishable, indicating that they act at a common receptor. In contrast the transients evoked by ATP and UTP had very dierent pro®les. Treatment of 2-MeSATP with an ATP-regenerating system to remove contaminating 2-MeSADP did not abolish its agonist activity. 4 Application of the P2Y 1 antagonist, adenosine-3'-phosphate-5'-phosphate (A3P5P) inhibited the transients induced by both 2-MeSADP and 2-MeSATP. In contrast the transients induced by ATP and UTP were enhanced by the addition of A3P5P. 5 These results indicate that both 2-MeSADP and 2-MeSATP are agonists at the rat hepatocyte P2Y 1 receptor. Figure 1 Similarities in the [Ca 2+ ] i response of a single rat hepatocyte to 2-MeSADP and 2-MeSATP, and the contrasting eects of ATP and UTP. Transients were recorded from a single aequorin-injected hepatocyte in response to stimulation with agonists at the concentrations indicated. The short duration transients induced by 10 mM 2-MeSADP were found to be indistinguishable from those induced by 10 mM 2-MeSATP. In contrast stimulation with either 1.5 mM ATP or 1.5 mM UTP induced transients of much longer duration in the same hepatocyte. The break in the x-axis represents a period of 15 min when the cell was superfused with WME alone. This result is typical of 20 experiments.
Introduction
P2Y receptors are G-protein-coupled receptors responding to extracellular ADP, ATP, UDP and UTP (Burnstock, 1996) . Five mammalian P2Y receptor subtypes have been cloned, all of which are coupled to the hydrolysis of phosphatidylinositol 4,5-bisphosphate and hence to inositol 1,4,5-trisphosphatemediated release of intracellular Ca 2+ stores (Boarder & Hourani, 1998) . In the absence of selective antagonists, pharmacological characterization of these receptor subtypes has relied heavily upon their agonist pro®les. It was thought that 2-MeSATP was a potent agonist at the P2Y 1 receptor Burnstock & King, 1996) . However, this was challenged by Hechler et al. (1998) who reported that the agonist action of 2-MeSATP on the P2Y 1 receptor was due to contamination with 2-MeSADP. Rather than acting as an agonist, they reported that puri®ed 2-MeSATP was an antagonist at the cloned human P2Y 1 receptor and the native P2Y 1 receptor on rat brain capillary endothelial cells.
Here the eects of both 2-MeSADP and 2-MeSATP have been studied on single rat hepatocytes injected with the Ca 2+ indicator, aequorin. In common with many other cell types (Berridge, 1990) , single rat hepatocytes generate repetitive transients in cytosolic free calcium concentration ([Ca 2+ ] i ) when stimulated with agonists acting through the phosphoi-nositide signalling pathway (Woods et al., 1986; 1987) , including ADP and ATP (Cobbold et al., 1988; Dixon et al., 1990) . The duration of the [Ca 2+ ] i transients is dependent on the receptor being activated, so that transients of very dierent duration can be recorded from the same individual hepatocyte when stimulated with dierent agonists (Woods et al., 1987) . This characteristic of the hepatocyte oscillator can therefore be used as a tool to determine whether 2 agonists are acting at the same receptor or at distinct sites. Thus 2-MeSATP and ADP evoke transients which are indistinguishable, providing evidence for a common site of action, presumably a P2Y 1 receptor (Dixon et al., 1995a) . Conversely, the response to ATP diers from that induced by ADP, indicating that these nucleotides act at distinct receptors (Dixons et al., 1990; 1993; 1995b; Green et al., 1994) . Indeed observations from single cells indicate that ATP does not act as an agonist at the P2Y 1 receptor on rat hepatocytes. This con¯icts with the ®ndings of Palmer et al. (1998) who reported that ATP was a low ecacy agonist at the P2Y 1 receptor.
Here the eect of 2-MeSADP is compared with that of 2-MeSATP in the same hepatocyte. The possibility that the agonist action of 2-MeSATP is due to contaminating 2-MeSADP is also investigated. In addition the eect of the selective P2Y 1 antagonist, adenosine-3'-phosphate-5'-phosphate (A3P5P; Boyer et al., 1996) on [Ca 2+ ] i transients induced by 2-MeSADP and 2-MeSATP is reported. The results provide evidence that both 2-MeSADP and 2-MeSATP are agonists at the P2Y 1 receptor on rat hepatocytes.
Methods
Single hepatocytes were isolated from fed, male Wistar-strain rats (150 ± 250 g) by collagenase perfusion as described previously (Dixon et al., 1995a) . Brie¯y, the hepatic portal vein was cannulated and an initial Ca 2+ -free perfusion was followed by perfusion with collagenase (0.04% w v 71 ) and Ca 2+ (3.8 mM) for 15 min. The perfusion rate was 30 ml min 71 throughout. The cells were harvested and incubated at 378C at low density (*10 3 cells ml 71 ) in 2% type IX agarose in William's medium E (WME). Single hepatocytes were prepared for microinjection with the bioluminescent Ca 2+ indicator, aequorin as described previously (Cobbold & Lee, 1991) . The injected cell was transferred to a perfusable cup held at 378C, positioned under a cooled, low-noise photomultiplier, and continuously superfused with WME, to which agonists were added. Photon counts were sampled every 50 ms by computer. At the end of an experiment, the total aequorin content of each cell was determined by discharging the aequorin by lysing the cell. The data were normalized retrospectively by computer, by calculating the photon counts per second divided by the total counts remaining. The computed fractional rate of aequorin consumption could then be plotted as [Ca 2+ ] i using in vitro calibration data and exponential smoothing with time constants: for resting [Ca 2+ ] i , 12 s; for transients, 1 s. The duration of transients was determined at their base by computer using custom-written software.
Materials
Aequorin was provided by Professor O. Shimomura (Marine Biological Laboratory, Woods Hole, MA, U.S.A.). Collagenase was obtained from Boehringer (Lewes, U.K.) and WME from GIBCO (Paisley, U.K.). Agarose and nucleotides were purchased from Sigma-Aldrich (Poole, U.K.). A stock solution of 2-MeSATP (4 mM) was treated with an ATP-regenerating system (20 units ml 71 creatine phosphokinase (CPK) and 20 mM phosphocreatine (PC); Sigma-Aldrich) for a minimum of 2 h, to remove contaminating 2-MeSADP (Hechler et al., 1998) . Samples of the treated 2-MeSATP stock solution were analysed by HPLC to con®rm its composition.
Results
It has previously been demonstrated that 2-MeSATP induces [Ca 2+ ] i transients in hepatocytes which are indistinguishable from those induced by ADP and which contrast with those induced by ATP (Dixon et al., 1995a) . In the present study 2-MeSADP is also shown to induce [Ca 2+ ] i transients in aequorin-injected hepatocytes. As illustrated in Figure 1 , these transients resemble those induced by 2-MeSATP (and therefore ADP) in the same cell, but contrast with those induced by ATP and UTP. The duration of transients recorded from the same cell was (mean+s.e.mean) 8.2+0.4 s (n=10) for 2-MeSATP and 8.1+0.2 s (n=23) for 2-MeSADP, where n is the number of individual transients. Comparison by Student's t-test revealed no signi®cant dierence (P40.05). There was a considerable degree of cell-to-cell variability in the threshold concentration for transient generation in response to both 2-MeSADP and 2-MeSATP, which ranged from 0.1 ± 10 mM. Notably, however, within the same cell the thresholds for the 2 agonists were similar. As shown previously for ADP (Cobbold et al., 1988) and 2-MeSATP (Dixon et al., 1995a) , the response to a maximal dose of 2-MeSADP was composed of high frequency transients of short duration, which were initially superimposed on an elevated baseline (data not shown). This maximal response is achieved at similar concentrations of either 2-MeSATP or 2-MeSADP, which for a given cell is *10 ± 20 fold above threshold. This type of response is in contrast to the eect of high concentrations of ATP when transients are replaced by a sustained rise in [Ca 2+ ] i (Cobbold et al., 1988; Dixon et al., 1995a) . Hechler et al. (1998) recently reported that the apparent agonist activity of 2-MeSATP was due to contamination with 2-MeSADP; treatment of 2-MeSATP with an ATP-regenerating system rendered it inactive. As depicted in Figure 1 , stimulation of hepatocytes with the same dose of both 2-MeSADP and 2-MeSATP led to transients at similar frequencies. Over 20 experiments, there was no signi®cant dierence in the frequency of transients induced by the same concentration of these two agonists. This argues against the eect of 2-MeSATP being due to contaminating 2-MeSADP, as the frequency of transients is dose-dependent. Therefore, the proportion of contaminating 2-MeSADP in the stock 2-MeSATP would need to be approaching 100% for transients to be elicited at similar frequencies in response to the same concentration of each of these agonists. In fact HPLC analysis of the purchased 2-MeSATP revealed an approximate 10% contamination with 2-MeSADP ( Figure 2b) ; stimulation of the cell depicted in Figure 1 with 1 mM 2-MeSADP failed to induce a [Ca 2+ ] i response. Nevertheless to eliminate the possibility that the response to 2-MeSATP was due to the presence of 2-MeSADP, single hepatocytes were stimulated with 2-MeSATP which had been pre-treated with 20 units ml 71 CPK and 20 mM PC. In contrast to the results of Hechler et al. (1998) this treatment did not abolish the agonist activity of 2-MeSATP in any cell tested (n=9). This is illustrated in Figure  2a which depicts the transients induced by untreated 2-MeSATP and subsequently with the same concentration of agonist from a stock solution treated with the ATPregenerating system for 3 h. HPLC analysis con®rmed that this treatment eectively removed the 2-MeSADP contamination in the stock of 2-MeSATP (Figure 2c ). There was no dierence in the duration of transients induced by untreated 2-MeSATP (8.6+0.8 s; n=8) or treated 2-MeSATP (8.7+0.4 s; n=9).
The eect of the selective P2Y 1 receptor antagonist, A3P5P was studied in cells responding to 2-MeSADP and 2-MeSATP. Application of 10 mM A3P5P had similar inhibitory eects on the transients induced by these 2 agonists, leading to either a decrease in frequency of transients (Figure 3 ), or their abolition. Increasing the antagonist concentration to 50 mM led to a further reduction in frequency or blocking of transients ( Figure 3) . In contrast to these inhibitory eects, transients induced by both ATP and UTP were enhanced by addition of 10 mM A3P5P. This is illustrated in Figure 4 , which depicts the lengthening of UTP-induced transients in response to this treatment. Application of 50 mM A3P5P alone was without eect on [Ca 2+ ] i , and transients induced by the a 1 -adrenergic agonist, phenylephrine were unaected by the application of 10 mM A3P5P (data not shown).
Discussion
Previous studies on single rat hepatocytes have established that the duration of [Ca 2+ ] i transients can be used to indicate the receptor activated by an agonist; activation of a given receptor results in transients of consistent duration both in an individual cell, and also from one cell to another (Woods et al., 1987) . This characteristic of the hepatocyte [Ca 2+ ] i oscillator has been exploited here to investigate the action of these two agonists. The transients induced by 2-MeSATP and 2-MeSADP were indistinguishable, indicating action at a single receptor. Likewise, similarities have previously been demonstrated in the hepatocyte response to ADP and 2-MeSATP (Dixon et al., 1995a) . In contrast, ATP and UTP produce a dierent pattern of response as illustrated here and previously (Dixon et al., 1990; 2000) . In combination these results suggest that a single receptor is responsible for mediating the eects of 2-MeSADP, 2-MeSATP and ADP. Unlike 2-MeSATP which is known to be an agonist at the P2Y 11 receptor (Communi et al., 1997) , 2-MeSADP is selective for the P2Y 1 receptor. HPLC analysis showed that 2-MeSADP was essentially free of contaminating 2-MeSATP (data not shown). Combined with the observed inhibition of the response to both 2-MeSADP and 2-MeSATP by the selective P2Y 1 antagonist A3P5P, this provides strong evidence that their eects are mediated by a P2Y 1 receptor.
Puri®cation of the 2-MeSATP stock to remove contaminating 2-MeSADP did not abolish its ability to evoke a Ca 2+ i response. Furthermore, in the experiments reported here, the combination of continuous¯ow and the single cell being held in isolation from any others, makes it extremely unlikely that inter-conversion of nucleotides by extracellular enzymes will occur. Such inter-conversions can complicate the interpretation of results from population studies (Harden et al., 1997) . Here the cell is constantly superfused with medium which thereby provides a continuous supply of fresh agonist and simultaneously removes any breakdown products. It therefore seems likely that 2-MeSATP acts directly as an agonist at the P2Y 1 receptor on the rat hepatocyte.
This conclusion is apparently inconsistent with the ®ndings of Hechler et al. (1998) . They reported that 2-MeSATP, puri®ed of contaminating 2-MeSADP, was an antagonist not an agonist at the cloned human P2Y 1 receptor transfected into Jurkat cells, and at the endogenous P2Y 1 receptor of rat brain capillary endothelial cells. In contrast, Palmer et al. (1998) reported that 2-MeSATP was an agonist at the cloned human P2Y 1 receptor transfected into 1321N1 cells, although less potent than 2-MeSADP. They explained this dierence on the basis of receptor reserve, arguing that the higher expression of P2Y 1 receptors by 1321N1 cells compared with the Jurkat cells used by Hechler et al. (1998) , led to the detection of agonists with lower ecacy than 2-MeSADP or ADP. When the level of expression was reduced by the down-regulation of P2Y 1 receptor by treatment with ADPbS, the agonist activity of ATP at the P2Y 1 receptor was abolished.
A true comparison of the potency of 2-MeSATP and 2-MeSADP in rat hepatocytes is not possible from the studies presented here. Transients in [Ca 2+ ] i in hepatocytes are frequency-modulated; as the degree of receptor activation increases so does the frequency of transients (Woods et al., 1986) . However, considerable cell-to-cell variability exists in the frequency of transients induced by a given dose of agonist as seen in Figures 1 and 2a . Thus in the cell depicted in Figure  1 , the frequency of transients induced by 10 mM 2-MeSATP is lower than the frequency of transients induced by only 1 mM 2-MeSATP in the cell shown in Figure 2a . For this reason the pooling of data from a number of individual cells to generate concentration-response curves would not be informative.
Receptor desensitization presents problems for the construction of accurate concentration-response curves based on data from a single cell. However, three observations argue against there being a major dierence in the potency or ecacy of 2-MeSADP and 2-MeSATP: (1) the threshold for the two agonists within the same cell is similar; (2) transients are induced at similar frequencies within an individual cell, by the same sub-maximal dose of 2-MeSADP and 2-MeSATP; and (3) the magnitude of the maximal response, and the concentration at which it is achieved, is similar for both agonists. The agonist action of 2-MeSATP reported here is therefore dicult to reconcile with this nucleotide being a low ecacy agonist (compared with 2-MeSADP), stimulating a system with a high receptor reserve, as concluded by Palmer et al. (1998) . It is conceivable that the dierence re¯ects a species dierence as Palmer et al. (1998) studied the human homologue of the P2Y 1 receptor expressed in 1321N1 cells. Palmer et al. (1998) determined that ATP and 2-MeSATP were both low ecacy agonists at the human P2Y 1 receptor. In contrast to this, observations from single rat hepatocytes indicate that ATP does not act at the P2Y 1 receptor (Dixon et al., 1990; 1993; 1995b; Green et al., 1994) . So, although 2-MeSADP and ADP both target the P2Y 1 receptor, ATP does not behave like its 2-methylthio derivative. This is supported by the observation that the P2Y 1 receptor antagonist, A3P5P did not have any inhibitory eect on the ATP-induced response. Indeed, both ATP-and UTP-induced transients were enhanced by the application of A3P5P. This P2Y 1 antagonist is a partial agonist at the turkey P2Y 1 receptor, although not at the human P2Y 1 , P2Y 2 or P2Y 4 receptors . It could be argued that if A3P5P acts as a partial agonist at the rat P2Y receptor mediating the eects of ATP and UTP, its addition would eectively increase the agonist concentration acting at this receptor. However, the eect seen is not that simply of raising agonist concentration, which leads to an increase in the frequency of transients, without any change in their duration. Furthermore, at the concentrations employed in this study, A3P5P alone had no eect on [Ca 2+ ] i . Transients mediated by the a 1 -adrenergic receptor, were unaected by the addition of A3P5P indicating that this antagonist did not have a non-speci®c action on the phosphoinositide signalling pathway.
The results reported here are particularly important since they were conducted on primary cells natively expressing P2Y receptors, rather than a cell line or transfected cells. In addition the [Ca 2+ ] i transients studied are generated in response to physiological doses of agonists. The ®nding that both diphosphate and triphosphate 2-thioether derivatives act on the rat P2Y 1 receptor may have important implications for the development of drugs targeting this receptor.
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